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Editor: Ewa KorzeniewskaWe assessed the structure of microbial communities in the subglacial drainage system of theWerenskioldbreen
glacier, Svalbard, which consists of three independent channels. Dome-shaped naled ice bodies that had been
forming and releasing subglacial water in the glacial forefield during accumulations season were used to study
glacial microbiome. We tested the hypothesis that the properties of the water transported by these channels
are site-dependent and influence bacterial diversity. We therefore established the phylogenetic structure of
the subglacial microbial communities using next generation sequencing (NGS) of the 16S rRNA gene and per-
formed bioinformatics analyses. A total of 1409OTUs (operational taxonomic units) belonged to 40phyla;mostly
Proteobacteria, Gracilibacteria, Bacteroidetes, Actinobacteria and Parcubacteriawere identified. Sites located on the
edge of Werenskioldbreen forefield (Angell, Kvisla) were mainly dominated by Betaproteobacteria. In the central
site (Dusan) domination of Epsilonproteobacteria class was observed. Gracilibacteria (GN02) and
Gammaproteobacteria represented the dominant taxa only in the sample Kvisla 2. Principal Coordinate Analysis
(PCoA) of beta diversity revealed that phylogenetic profiles grouped in three different clusters according to the
sampling site. Moreover, higher similarity of bacterial communities from Angell and Kvisla compared to Dusan
was confirmed by cluster analysis and Venn diagrams. The highest alpha index values was measured in Dusan.
Richness and phylogenetic diversity indices were significantly (p b .05) and positively correlated with pH values
of subglacial water and negatively with concentration of Cl−, Br−, and NO3
− anions. These anions negatively im-
pacted the values of richness indices but positively correlated with abundance of some microbial phyla. Our re-
sults indicated that subglacial water fromnaled ice bodies offer the possibility to study the glacial microbiome. InKeywords:
Microbial communities
Subglacial microbiome
Naled-ice bodies
NGS of 16S rRNAicz).
2 S. Sułowicz et al. / Science of the Total Environment 723 (2020) 138025the studied subglacial water, themicrobial community structurewas sampling site specific and dependent on the
water properties, which in turn were probably influenced by the local bedrock composition.
© 2018 Published by Elsevier B.V.1. Introduction
Glaciers and ice sheets contain approximately 75% of Earth's fresh-
water (Achberger et al., 2017). Land ice masses have been treated as
real biomes (Anesio and Laybourn-Parry, 2012) and are increasingly
being examined. Together with subglacial meltwater, they are a unique
living environment for prokaryotes and eukaryotes (Anesio et al., 2017;
Hodson et al., 2008; Lanoil et al., 2009).Microorganisms from these eco-
systems are able to survive and proliferate at low temperatures, which
implies that they overcame key barriers inherent to permanently cold
environments. It was found that subglacial waters are inhabited by var-
ious bacteria that play an important part in globalmicrobiological activ-
ity and nutrient cycling (Anesio et al., 2017). This water may be a
valuable source of the glacial microbiome released from englacial and
subglacial environment. However, little information is available on the
taxonomic diversity of bacterial communities from these environments.
The study of the subglacial microbial environment is extremely dif-
ficult due to the necessity of sterile conditions during sampling. One of
the methods used for sampling is a sterile deep drilling method
(Hodgson et al., 2016; Tulaczyk et al., 2014). However, this has not yet
been applied to the Svalbard glaciers. Another option is surface drilling
(Garcia-Lopez et al., 2019; Martinez-Alonso et al., 2019). To study gla-
cier microbial composition, sampling of subglacial water flowing out
from underneath the glaciers during accumulation season could be
used as well (Cameron et al., 2017). It avoids contamination of samples
by superficial meltwater or rain water carrying microbes from sources
other than the glacier bedrock interface. The source of uncontaminated
subglacial water may be naled ice bodies. These layered dome- or cone-
shaped ice bodies are formed by water from the winter seepage under-
neath glaciers, which refreeze at their forefields (Wadham et al., 2010).
The formation of naled ice is connected with the amount of meltwater,
air temperatures and glacier forefield topography (Bukowska-Jania and
Szafraniec, 2005). The presence of meltwater during winter depends
strongly on subglacial drainage systems, channelized during themelting
period (Decaux et al., 2019).
Here, direct sampling of water from naled ice bodies were used as a
microbial representation of the glacier bed. To the best of our knowl-
edge, this strategy was implemented for the first time. We used
Werenskioldbreen as a well-studied area of naled ice glacier located in
South Spitsbergen (Svalbard) (Baranowski, 1982; Pälli et al., 2003). Gla-
cier Werenskioldbreen is a polythermal valley-type, 9.5 km long glacier
that covers an area of 27.1 km2. It is divided by a medial moraine into
Slyngfjelbreen and Skilryggbreen. The glacier has receded and termi-
nated on land, creating a naled zone in the forefield (Ignatiuk et al.,
2014). Most naledi at Werenskioldbreen grow from the bottom rather
than the top due to ice accretion, by freezing surface water and incorpo-
ration of snow (Stachnik et al., 2016b). The spatial distribution of the
naled ice reflected the position of subglacial outflows during summer.
The presence of separate naled ice areas in the Werenskioldbreen
forefield suggests that the subglacial drainage system is divided into a
few channels. A study by Grabiec et al. (2011) showed that some chan-
nels of the drainage system are not connected to each other and trans-
port subglacial water independently. Therefore naled water chemistry
depended on local lithology (Stachnik et al., 2016b). The main outflow
occurs at the Kvisla or central sections of the glacier terminus (Dusan),
and minor outflows occur at Angell (Stachnik et al., 2016b).
These separated channels provide a unique opportunity to study the
microbial community inhabiting the glacier interior and flowing with
subglacial meltwater. We tested the hypothesis that properties of
water transported by three independent channels ofWerenskioldbreensubglacial drainage system are site-dependent and influenced the com-
position ofmicrobial communities. To the best of our knowledge, phylo-
genetic composition of microbial communities in subglacial water from
naled ice bodies has not been published thus far.
2. Methods
2.1. Study area and subglacial water sampling
The study of subglacial water from naled ice in front of
Werenskioldbreen was performed in April 2016, prior to glacier abla-
tion. Samples of subglacial water were collected from three different
naled ice systems located in front of summer outflows in the northern
(Kvisla), the central (Dusan) and the most southern part (Angell) of
the forefield (Figs. 1, 2). The distance between sampling sites was ap-
proximately 800–900 m. In each localization, three independent sam-
ples (2–4 m distance) with 20–30 L of volumes from each sampling
site were collected. Most naled ice bodies at Werenskioldbreen grow
from the bottom because of ice accretion (Stachnik et al., 2016b).
Naled ice bodies of interest to us were active, have ongoing contact
with the bedrock, and is a source of the fresh water flowing out from
the glacier body. When it was necessary to acquire fresh subglacial
water, drilling was done using a sterile Mark II Coring System (Kovacs
Enterprises, NH, USA). Water was captured in a sterile vessel, placed
in a sterile plastic bottle and transported to the laboratory of the Polish
Polar Station in Hornsund, Svalbard. There, samples were filtered using
a Millipore vacuum filtration kit with sterile 0.45 μm Whatman®
membrane filters. Microbial biomass was stored in a sterile Falcon
tube at−20 °C for further microbial analysis.
2.2. Physicochemical analysis
Physicochemical analyses of water were performed in the labora-
tory of the Polish Polar Station, Hornsund. The pH and electrical con-
ductivity were measured using a multimetre ELMETRON CP-401.
Concentration of major ions was estimated using an ion chromato-
graph Metrohm Compact IC 761. Analysis of total organic carbon
(TOC) and dissolved organic carbon (DOC) was performed using
TOC-L Shimadzu at the laboratory in Poland. Ion concentration and
TOC and DOC content were expressed as mg L−1 and electrical con-
ductivity σ as μS cm−1. Significant changes between mean values es-
timated for different sampling sites were tested using the one-way
ANOVA and Tuckey's post-hoc test (α = 0.05) using the Statistica
13.0 PL Software package. To test the correlation between subglacial
water parameters and phylogenetic indices, the Pearson correlation
was calculated using Past 3.26 Software.
2.3. DNA isolation and Next Generation Sequencing (NGS)
Phylogenetic structures of microbial communities were established
using sequencing technique and bioinformatics analysis. Microbial bio-
mass was collected from filters (500 mL of the water sample was fil-
tered) for DNA isolation. Total microbial DNA was isolated using the
PowerWater® DNA Isolation Kit (MoBio, Carlsbad, CA, US) according
to the manufacturer's instruction. The concentration of DNA measured
using the NanoPhotometer NP80 was in the range of 6–11 ng/μL. The
16S rRNA fragment was amplified using bacterial primers 341F and
785R (Thijs et al., 2017), spanning the V3–V4 hypervariable regions.
PCR amplifications were prepared using the Q5 Hot Start High-Fidelity
2× Master Mix (NEBNext - New England BioLabs, US) according to the
Fig. 1. Locationmap ofWerenskioldbreen in Svalbard. Sampling sites (yellow dots) from naled ice patches located in front of the glacier, presented on a portion of the panchromatic image
from Pléaides acquired on 20 August 2017 (Błaszczyk et al., 2019). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
3S. Sułowicz et al. / Science of the Total Environment 723 (2020) 138025manufacturer's instruction. Sequencing was performed on Illumina
MiSeq platform using paired-end reads (2 × 250 bp) MiSeq Reagent
Kits v2 (Illumina, Inc., San Diego, CA, USA). Amplicon dataset was de-
posited at Sequence Read Archive (ID: PRJNA601111).Fig. 2. Dome-shaped and cracked naled ice bodies in the forefield of Werenskioldbreen. Only si
tween mean values calculated for sampling sites (Tuckey's post-hoc test, α= 0.05).2.4. Bioinformatics analysis
CLC Genomic Workbench 11.0 and CLC Microbial Genomics Module
3.5 (Qiagen, USA) was used for bioinformatics analysis. Raw sequencegnificant (p b .05) p-values are shown. Different letters indicate significant differences be-
Table 1
Physicochemical parameters of subglacial water (ions concentration, dissolved organic
carbon (TOC) and dissolved organic carbon (DOC) expressed as mg L−1; σ as μS cm−1).
p-Value Angell Dusan Kvisla
pH 6.83 ± 0.63 7.62 ± 0.07 6.40 ± 1.42
σ 330.00 ± 133.10 232.00 ± 33.87 303.03 ± 210.42
Na+ 0.029 45.60 ± 14.23a 11.59 ± 1.54b 37.46 ± 14.73a
K+ 4.08 ± 3.38 4.71 ± 0.37 3.25 ± 2.65
Ca2+ 11.38 ± 10.71 26.47 ± 4.21 18.18 ± 27.37
Mg2+ 8.20 ± 5.54 6.36 ± 0.99 7.66 ± 7.13
HCO3− 31.11 ± 36.61 73.22 ± 10.37 67.12 ± 110.44
F− 0.02 ± 0.01 0.03 ± 0.01 0.11 ± 0.17
Cl− 0.003 75.31 ± 20.33a 16.86 ± 2.01c 45.21 ± 3.93b
Br− b0.001 0.19 ± 0.03a 0.02 ± 0.01c 0.11 ± 0.03b
NO3− 0.023 1.91 ± 0.50a 0.10 ± 0.09b 1.07 ± 0.85ab
SO42− 21.65 ± 13.36 34.30 ± 5.29 35.60 ± 44.18
TOC 1.92 ± 0.57 1.21 ± 0.30 2.14 ± 1.52
DOC 0.040 1.67 ± 0.31a 0.88 ± 0.34b 0.95 ± 0.31b
Only significant (p b .05) p-values are shown. Different letters indicate significant differ-
ences between mean values calculated for sampling sites (Tuckey's post-hoc test, α=
0.05).
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ing workflow under default settings (QIAGEN, 2018). Thereafter, the
total number of reads ranged from 96,328–195,122. These 641,699
total readswere filtered from chimeric reads and chloroplast sequences.
Remaining sequences were assigned to different operational taxonomic
units (OTUs) defined by97% sequence similaritywith referenceOTUda-
tabase SILVA 16S v128 16S rRNA (bacteria and archaea). Additionally,
the Allow creation of new OTUs option was used to allow sequences
not represented at the given similarity distance in the SILVA database
to form a new cluster. The default (80%) taxonomy similarity percent-
age was used when annotating new OTUs (Qiagen, 2014). Finally, se-
quences were assigned to 1409 different OTUs (therein 705 OTUs
based on the SILVA database). Coverage was calculated by Good's
method as 1 - (N/Individuals), where N is the number of clones that oc-
curred once only (Liu et al., 2011). Coverage assesses efficiency of sam-
pling analysis of the entire sampled population and was calculated in
the range of 0.989–0.998.
Relative abundance, as well as alpha and beta diversity, were
assessed using Estimate Alpha and Beta Diversities workflow (QIAGEN,
2018) based on the filtered OTU Table, where OTUs with low combined
abundance (b10) were removed (Remove OTUs with Low Abundance
tool). Finally, 343 OTUs were used for diversity and phylogenetic analy-
ses. Relative abundance at the class level was presented in the form of a
stacked bar chart. The alpha diversity of an individual community iso-
lated from tested sites was assessed based on richness and diversity in-
dices. Richnesswas estimated by the total number of OTUs, Chao1 index
(1) and Chao1 bias-corrected index (2). Diversity indices were calcu-
lated based on Simpson's index SI (3), Shannon entropyH′ (4), and phy-
logenetic diversity PD (5) defined as the minimum total length of all
phylogenetic branches required to span a given set of taxa on the phy-
logenetic tree (Faith and Baker, 2006; Qiagen, 2014).
The following formulae were used:
Chao1 ¼ Dþ f
2
1
2 f 2
ð1Þ
Chao1−bc ¼ Dþ f 1 f 1−1ð Þ
2 f 2 þ 1ð Þ
ð2Þ
SI ¼ 1−
Xn
i¼1
p2i ð3Þ
H0 ¼
Xn
i¼1
pi log2pi ð4Þ
where n is the number of features; D is the number of distinct features
observed in the sample; f1 is the number of features for which only
one read has been found in the sample; f2 is the number of features
for which two reads have been found in the sample; and pi is the frac-
tion of reads that belong to feature i.
PD ¼
Xn
i¼1
biI piN0ð Þ ð5Þ
where n is the number of branches in the phylogenetic tree, bi is the
length of branch i; pi is the proportion of taxa descending from branch
i; and the indicator function I (pi N 0) and I (pB i N 0) assumes the
value of 1 if any taxa descending from branch i is present in the sample,
or 0 otherwise.
Significant changes betweenmean values of these indices calculated
for different sampling sites were tested by one-way ANOVA and
Tuckey's post-hoc test (α= 0.05) (Statistica 13.0 software).
Beta diversity, a comparison of sample groups based on phylogenetic
distance metrics, was estimated using generalised UniFrac distances
d(0.5) (Chen et al., 2012). Principal Coordinates Analysis (PCoA) wasused for visualization of the beta diversity distance matrix. To describe
significant changes in beta diversity of microbial communities depen-
dent on sampling sites (Angell, Dusan, Kvisla), the PERMANOVA analysis
tool was used with the number of permutations 99,999.
Additionally, to visualise dissimilarity among microbial communi-
ties from tested sites, a heat map and Venn diagram were generated
(Create Heat Map for Abundance Table and Differential Abundance Analy-
sis tools, respectively). The heat map was constructed based on the
Euclidean distance using the most important (the false discovery rate
corrected p-value, FDR p-value b 0.0000007) 20 OTUs that differenti-
ated samples. Differential abundance analysis was performed in the
form of a Venn diagram based on the number of overlapping OTUs
that significantly (FDR-value b 0.05) differentiated across sites.
3. Results
3.1. Physicochemical analysis of subglacial water
Samples of subglacial water collected in the forefield of
Werenskioldbreen from naled-ice bodies were differentiated based on
chemical properties (Table 1). Concentration of Na+, Cl−, Br−, and
NO3−was significantly (p b .05) lower in water from the central part of
Werenskioldbreen forefield (Dusan) and the highest concentration of
these ions was generally detected in Angell site. Similarly, dissolved or-
ganic carbon content was significantly higher in Angell than in Dusan
and Kvisla. The highest mean pH value was measured in water from
Dusan, but was not significantly (p b .05) different compared to values
measured in other sampling sites (Angell, Kvisla). It should be taken
into consideration that the highest pH value of individual water sample
was measured for Kvisla 2 (pH = 8) and this result significantly influ-
enced the microbial community structure.
3.2. Community structure – taxa distribution
The microbial community structure was estimated according to the
abundance of the OTU identified based on the SILVA database. A total
of 1409 identified OTUs retrieved from water samples belonged to 40
phyla. Most identified sequences (98.3% of combined abundance –
total number of reads belonging to the OTU across all samples)
belonged to five taxa – Proteobacteria (mainly Beta-, Gamma- and
Epsilonproteobacteria), Gracilibacteria, Bacteroidetes, Actinobacteria and
Parcubacteria (Table 2). The relative abundance of other 35 phyla was
estimated below 1% for each and classified as rare biosphere (Kilias
et al., 2014). Additionally, 512 reads classified to 112 OTUs were not
identified based on the used database.
Table 2
Bacterial phyla in subglacial water from naled ice bodies on the Werenskioldbreen forefield.
Phylum (aggregated) Number of
detected
OTUs
Combined
abundancea
%
abundance
Proteobacteria 424 119,947 73.76
Gracilibacteria 71 13,607 8.37
Bacteroidetes 148 12,078 7.43
Actinobacteria 95 7346 4.52
Parcubacteria 240 6815 4.19
Rare biosphere (b1%)
Nitrospirae, N/A (not identified), Chloroflexi, Elusimicrobia, Microgenomates, Firmicutes, Omnitrophica,WWE3, Gemmatimonadetes,
Fibrobacteres, Saccharibacteria, Acidobacteria, Planctomycetes, Verrucomicrobia, Woesearchaeota (DHVEG-6), Peregrinibacteria,
Cyanobacteria, Candidatus Berkelbacteria, Chlorobi,WS2, Aminicenantes, Ignavibacteriae, TM6 (Dependentiae), GAL15, Atribacteria,
Miscellaneous Euryarchaeotic Group(MEG), CPR2, Lentisphaerae, Diapherotrites, Deinococcus-Thermus, Bathyarchaeota, Parvarchaeota,
Armatimonadetes, BRC1, WS6
431 2815 1.73
Total 1409 172,845 100%
a Combined abundance – total number of reads belonging to the operational taxonomic units (OTU) across all samples.
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naled ice belonged to the phylum Proteobacteria (Fig. 3). The relative
abundance of these bacteria in samples was 61.8–99.3%. Only in sam-
ple Kvisla 2, the dominant taxa belonged to the phylum
Gracilibacteria (GN02) with a 60.1% contribution to the whole micro-
bial community. Contrary to results obtained from other sampling
sites, the contribution of Proteobacteria in Kvisla 2 was only 31.5%
and the majority was classified to Gammaproteobacteria with the
most abundant species linked to the Methylobacter genus (27.2% of
the total contribution).
Aside from the Kvisla 2 sample,microbial communities from sites lo-
cated on the edge of the Werenskioldbreen forefield (Angell, Kvisla)
were generally dominated by the Betaproteobacteria class
(78.7–90.1%), with high contribution of unknown species of the
Paucibacter genus (11.9–31.0%), member of the family Oxalobacteraceae
(12.3–33.6%), uncultured species of Polaromonas (13.4–20.5%), as well
as the Polynucleobacter (6.7–19.9%) genus.
In contrast to the Angell and Kvisla sites, the dominant bacterium in
subglacial water collected in the central site of Werenskioldbreen
forefield (Dusan) was an uncultured bacterium classified to the
Sulfuricurvum genus (40.2–41.4%) belonging to the
Epsilonproteobacteria class, whereas, the contribution of the
Betaproteobacteria class was 11.8–40.1%.Fig. 3. The microbial community structure – bacterial taxa distribution to class le3.3. Alpha diversity indices
Alpha diversity of microbial communities of subglacial water from
Werenskioldbreen was quantified based on species richness (total
number of OTUs), richness estimators Chao1 and Chao1, bias-
corrected, biodiversity indices (Simpson's index and Shannon entropy
H′) and phylogenetic diversity (PD). Mean values of alpha diversity es-
timates are presented in Table 3.
There was a significant (p b .002) difference in richness indices
across sampling sites. The highest values of the total number of OTUs,
Chao1 and Chao1-bc estimators were obtained for samples collected
from Dusan located in the central part of Werenskioldbreen forefield.
These indices were significantly twice or three time higher (Tuckey, α
= 0.05) compared to values obtained for Angell and Kvisla.
The sampling site was also a crucial factor that differentiated Shan-
non entropy (p b .001). Microbial diversity estimate based on of this
index was significantly (p b .05) higher in Dusan than other tested
sites. Moreover, ANOVA also indicated that microbial diversity in Angell
was significantly (p b .05) higher compared to Kvisla. Similarly, analysis
based on PD values indicated that the highest phylogenetic diversity
was estimated for Dusan and was significantly (p b .05) higher than
Kvisla and Angell. No significant impact of sampling site was detected
for Simpson's index (p= .109).vel (10 most abundant features of each sample were shown in all columns).
Table 3
Alpha diversity indices.
Estimators p-value Site
Angell Dusan Kvisla
Richness indices
Total number of OTUs 0.002 121.8 ± 21.1b 271.4 ± 16.3a 83.6 ± 59.2b
Chao1 0.002 145.0 ± 20.6b 289.0 ± 23.9a 93.6 ± 60.9b
Chao1-bc 0.002 148.7 ± 19.6b 290.4 ± 23.9a 96.2 ± 59.7b
Diversity indices
Simpson's index (SI) 0.109 0.9 ± 0.1 0.9 ± 0.1 0.8 ± 0.1
Shannon entropy (H’) 0.001 4.0 ± 0.1b 4.7 ± 0.4a 3.1 ± 0.2c
Phylogenetic diversity (PD) 0.005 5.4 ± 0.7b 12.3 ± 0.2a 4.2 ± 3.3b
Different letters indicate significant differences between mean vales calculated for sampling sites (Tuckey’s post-hoc test, α= 0.05).
6 S. Sułowicz et al. / Science of the Total Environment 723 (2020) 1380253.4. Beta diversity of microbial communities and properties of subglacial
water
Beta diversity, the difference inmicrobial community diversity asso-
ciatedwith localisation of tested sites, was estimated based on phyloge-
netic distancemetrics using generalised UniFrac distances d(0.5). Results
were visualised by the PCoA. The first two principle coordinate axes
accounted for 74% of variability in observed phylogenetic diversity
(Fig. 4). Phylogenetic profiles grouped in three clusters depended on
the sampling site. Tomeasure the significance on beta diversity changes
according to sampling site location, the PERMANOVA was used. This
analysis indicated that the separation was significant (pseudo-F =Fig. 5. Normalised distribution of the most important 20 operational taxonomic units (
Fig. 4. Principal coordinates analysis (PCoA) plot based on the generalised UniFrac
distance matrix.4.84; p-value = .004), but with only two to three replicates for each
group, because clustering was not significant on pair-wise comparisons
of the site (Qiagen, 2014). This effect might be caused by the impact of
Kvisla 2 data on performed statistical analysis, as its water properties
were most similar to samples collected in the central part of
Werenskioldbreen forefield (Dusan).
Nevertheless, comparison ofmicrobial composition of sampling sites
were performed using the 20 most important OTUs that significantly
differentiated across all samples (FDR p-value b 0.000007), clearly dis-
tinguished three clusters connected to the area of outflow channels in
Werenskioldbreen forefield. Results of this analysis were presented as
a heat map in Fig. 5. Cluster analysis confirmed similarity of microbial
communities from sites located on the edge of Werenskioldbreen
forefield (Angell, Kvisla) contrary to Dusan, located in the centre of
the forefield. Moreover, the most differentiated OTUs isolated from
Dusan belonged to Parcubacteria and Proteobacteria phyla (Supplemen-
tary Table 1). In contrast, phylogenetic profiles obtained fromAngell dif-
ferentiated based on OTUs that belonged to the Bacteroidetes phylum.
Here, cluster analysis indicated that the most different OTU from Kvisla
2 was a Gracilibacteria member. However, this profile still groups to-
gether with other Kvisla profiles distinguished based on the two
Proteobacteria OTUs (Supplementary Table 1).
To visualise dissimilarity amongmicrobial communities from tested
sites, a Venn diagram was generated (Fig. 6). It shows the number of
overlapping OTUs significantly (FDR p-value b.05) differentiated across
sites. The highest number of differentiated OTUs sequences was de-
tected for the Dusan vs Angell comparison, two sites with the richest
microbial communities. N55% of shared OTUs sequences were signifi-
cantly (p b .05) different between these sites. The lowest number of dif-
ferentiated OTU sequences was calculated between Kvisla and Angell
sites and represented 13% of shared OTUs.
Additionally, to describe the relationship between physicochemical
properties of subglacial water and measured microbial diversity,OTUs) that significantly differentiated samples on the Werenskioldbreen forefield.
Fig. 6. Venn diagram showing unique and shared operational taxonomic units (OTUs)
among the three sampling sites.
7S. Sułowicz et al. / Science of the Total Environment 723 (2020) 138025correlation analysis was performed. This revealed that richness and
phylogenetic diversity indices significantly (p b .05) and positively cor-
related with pH value and negatively correlated with the concentration
of Cl−, Br−, and NO3− anions (Fig. 7). Moreover, concentration of NO3−
negatively impacted Chao1 and Chao1-bc indices and positively corre-
lated with the abundance of the Aminicenantes phylum (Fig. 7) andFig. 7. The Pearson correlation of phylogenetic richness, diversity indices and subglacial water p
proportional to the value of R.Alphaproteobacteria class (data not shown). Positive correlation was
also observed for Br− concentration and some bacterial phyla
(Aminicenantes, Bacteroidetes, Gemmatimonadetes, Omnitrophica,
Peregrinibacteria) and classes (Alpha-, Delta- and Epsilonprotebacteria)
(data not shown).
4. Discussion
4.1. Community structure – taxa distribution
The study of microbial communities from the subglacial drainage
system of Werenskioldbreen was achieved using next generation se-
quencing (NGS). Most bacterial sequences isolated from the subglacial
water ofWerenskioldbreen drainage systembelonged to Proteobacteria,
Gracilibacteria Bacteroidetes, Actinobacteria and Parcubacteria phyla.
Similarly, Proteobacteria, Bacteroidetes, Actinobacteria were also found
in ice samples from various Svalbard glaciers (Garcia-Lopez et al.,
2019; Perini et al., 2019).
Similar to our study conducted during accumulation season, the
Betaproteobacteria class, themain component ofmicrobial communities
in Angell andKvisla sites, dominated (21%) in snowandmeltwater sam-
ples during summer (Larose et al., 2010) in Svalbard and in sequence
data obtained from a glacier stream in the Himalayas (Liu et al., 2011).
In contrast, the dominant class in the unvegetated alpine glacier
forefield (Lazzaro et al., 2012) was Alphaproteobacteria (Schostag et al.,
2015). Beta- and Alphaproteobacteria classes were also highly abundant
in cryoconite communities on the glacier surfaces. On Arctic glaciers,
Alphaproteobacteria dominated in cryoconite and their presence nega-
tively correlated with Betaproteobacteria (Edwards et al., 2014). These
seasonal changes may be related to r-selected, early-colonising
Betaproteobacteria versus typical K-selected, late-colonisingarameters. Only significant (p b .05) correlations aremarked. The diameter of the sphere is
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in our microbial communities may be related to the sample collecting
period. During accumulation season, cryoconites are not formed and
the number of Alphaproteobacteriamembers is lower than that of abla-
tion season and their contribution to the glacier microbiome is small
(Cook et al., 2015). Moreover, some Alphaproteobacteria cells could be
lost during the filtration step (Hahn, 2004; Liu et al., 2019), and as a re-
sponse to starvation, cell size reduction may be observed (Liu et al.,
2019).
In Angell and Kvisla, located in the edge of Werenskioldbreen
forefield, bacteria typically inhabiting cold environments were present.
Bacterial strains classified under the Paucibacter genus, were reported
present in sediment of meltwater stream of an Arctic glacier, Midtre
Lov ́enbreen, located in Svalbard (Reddy et al., 2009), the subglacial
freshwater of the lake Gurudongmar in the Himalayas (Sahay et al.,
2013) or glacial river in Iceland (Jóelsson et al., 2013). Paucibacter and
strains from the Oxalobacteraceae family were also isolated from oligo-
trophic freshwater environments like in sand filters of drinking water
treatment plants (Vandermaesen et al., 2017). Polaromonas are globally
distributed phylotypes in glacial and periglacial environments (Gawor
et al., 2016; Willems, 2014), also in Svalbard (Zeng et al., 2013). High
contribution of these bacteria in microbial communities was found in
a moraine lake and a glacial stream in the Himalayas (Liu et al., 2011).
Polynucleobacter was found in an oligotrophic Antarctic freshwater
lake (Pearce, 2003; Villaescusa et al., 2013), but are considered globally
distributed planktonic freshwater microorganisms (Hahn et al., 2015).
Similarly, microbial sequences detected in Angell belonging to
Flavobacteriia and Actinobacteria classes (Bacteroidetes and
Actinobacteria phylum, respectively) are typical members of microbial
communities of glacial meltwater (Jóelsson et al., 2013; Sinha et al.,
2017).
In contrast, microbial communities of subglacial water collected
from the central site of Werenskioldbreen forefield (Dusan) were dom-
inated bymembers of the Epsilonproteobacteria class –uncultured bacte-
ria classified under the Sulfuricurvum genus. Epsilonproteobacteriawere
detected in Arctic ecosystems, but their contribution in comparison
with other Proteobacteria classes was relatively low (Edwards et al.,
2014; Hell et al., 2013). Moreover, to date, Sulfuricurvum is a monotypic
genus of the familyHelicobacteraceae (Mitchell et al., 2014). One known
species from this genus, Sulfuricurvum kujiense, is a facultative anaero-
bic, chemolithoautotrophic, sulphur-oxidizing bacterium. Previously, it
was isolated from an underground crude-oil storage cavity (Kodama
andWatanabe, 2004). These bacteria were also detected in surface sed-
iments from an urban river (He et al., 2017), and in hydrocarbon-
contaminated soil (Zhang et al., 2012). Furthermore S. kujiense were
recognized as pioneers colonising the basaltic lava flow (Kelly et al.,
2014) and were detected in subglacial caldera lakes in Iceland
(Mikucki et al., 2011). Also, members of Betaproteobacteria and
Gammaproteobacteria were abundant in Dusan and Kvisla 2, respec-
tively, and are known as sulphide and iron-oxidizing bacteria. Sulphide
oxidation and organic carbon transformation in subglacial ecosystems
are responsible for creating anaerobic conditions (Achberger et al.,
2017). It initiates the denitrification process that transforms NO3−to
N2, NO, NO2, NH4+ and may explain the lower concentration of NO3−
and highest pH values detected in Dusan and Kvisla 2 samples
(Garcia-Lopez et al., 2019). This may also be supported by the presence
of uncultured bacteria only in these sites, from Aminicenantes,Nitrospira
and Omnitrophica phyla that are linked to the nitrogen reducing process
(Dutta et al., 2018; Kadnikov et al., 2019; Momper et al., 2017). Addi-
tionally, high abundance of Gamma- and Alphaproteobacteriamembers
capable of anaerobic respiration with nitrate (Chen et al., 2018; Vilar-
Sanz et al., 2018) was also observed in Dusan and Kvisla 2.
Results also indicated that subglacial water taken from Kvisla 2
might be mixed with forefield sediments as a result of high pressure
water flowing in channels. The pH value of water collected from Kvisla
2 (pH = 8) was the highest among collected water samples and thecontent of cations and anions was four time higher than samples col-
lected from Kvisla 1 and Kvisla 3. The dominant taxa of the microbial
community from theKvisla 2 sample belonged to phylumGracilibacteria
(GN02), uncultured bacteria commonly found in permafrost soil (Frey
et al., 2016). Additionally, as mentioned above, Gammaproteobacteria
was the second dominant class with the most abundant species linked
to theMethylobacter genus. Strains from this genus were isolated from
the Arctic wetland (Wartiainen et al., 2006) or peat soil (Tveit et al.,
2013) on the Svalbard. High abundance ofMethylobacter is generally re-
lated to water-logged soils (Blaud et al., 2015) and supports the conclu-
sion about mixing subglacial water with forefield sediments in Kvisla 2
site. The presence of thesemethanotrophic organismsmay also indicate
utilization of available methane sub glacially, produced by methano-
genic archaea (Dieser et al., 2014; Lamarche-Gagnon et al., 2019).
Generally, analysis of relative abundance indicated that the structure
of microbial communities was connected with the localisation of sam-
pling sites where subglacial water was collected (central part vs. edge
ofWerenskioldbreen forefield). This variability is related to the physico-
chemical properties of water drained from different channels. Kvisla
and Angell drainage systems are located between glacier and bedrock,
which favours mineralisation of subglacial water. In contrast, the
Dusan drainage system is smaller and some parts are located in glacier
forefield in deposited sediments and buried ice (Kies et al., 2011;
Stachnik et al., 2016a). These site-dependent differences and the result
of microbial nitrogen transformation also influenced pH values of
water. Value of pH is considered the most important factor impacting
microbial diversity, also in Arctic environments (Malard et al., 2019;
Malard and Pearce, 2018). Additionally, detected site-specific composi-
tion of microbial communities support the thesis of Grabiec et al.
(2011), in that these individual channels represent separated subglacial
environments. Others found that the spatial differentiation in microbial
community structure depended on glacial meltwater properties (Conte
et al., 2018; Garcia-Lopez et al., 2019; Piquet et al., 2010; Sinha et al.,
2017).4.2. Alpha diversity
Calculated richness values, markers of alpha diversity of microbial
communities, confirmed that subglacial meltwater from
Werenskioldbreen was an oligotrophic environment (Anesio et al.,
2017). Another study conducted in the Arctic tundra (Canada) indicated
higher microbial richness in shallow thaw ponds (Negandhi et al.,
2014). Similarly, in our study, a subglacial Arctic deep marine sediment
was a richer andmore diverse environment (Li et al., 2015) than subgla-
cial meltwater. Nevertheless, low values of these indices were also cal-
culated for other arctic ecosystems. In the study of microbial
communities from snow and meltwater samples, higher richness mea-
sured as Chao1 index and biodiversity expressed as Shannon index was
detected for meltwater samples (Larose et al., 2010). Similar to our re-
sults, Chao1 values were estimated over 100. In turn, Shannon index
in the range of 3.4–3.6 were generally lower compared to values ob-
tained for meltwater collected from the naled ice on the
Werenskioldbreen forefield. Also, in the study of Perini et al., (2019)
bacterial diversity H′ in the ice sample from three Svalbard glaciers
was generally lower than our samples, and estimated in the range of
2.51–5.03.
Spatial differentiation of microorganisms expressed as alpha diver-
sity indices in our investigation was also observed in another study.
Park et al. (2011) indicated that meltwater runoff impacted on micro-
bial communities of coastal marine sediment located in Temelfjorden
(Svalbard) and microbial alpha diversity was higher within the
glacier–proximal zone than the outer fjord region. This and another
study (Garcia-Lopez et al., 2019) confirmed that subglacial meltwater
is a source of microorganisms and/or minerals that influence microbial
diversity in the impacted environment.
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water
The analysis of microbial phylogenetic profiles revealed the differ-
ence in microbial communities' diversity associated with differences
in tested sites (beta diversity). Visualising by PCoA phylogenetic profiles
(Fig. 4) grouped in three clusters depended on the localisation of sam-
pling sites. Generally, profiles from subglacial meltwater collected
from naled ice at the edge of Werenskioldbreen (Angell and Kvisla)
showed more similarity to each other than to microbial profiles from
Dusan. Similar patterns revealed cluster analysis (Fig. 5). Additionally,
the Venn diagram was used to visualise dissimilarity among microbial
communities from tested sites, and indicated that the highest number
of differentiated OTU sequences was detected for Dusan vs Angell and
the lowest for Kvisla vs. Angell. Overall, these results confirmed previ-
ous conclusions that the structure and biodiversity ofmicrobial commu-
nities depended on outflow localization of different channels from the
Werenskioldbreen drainage system.
Phylogenetic diversity indices were positively correlatedwith water
pH and negatively correlated with the concentration of Cl−, Br−, and
NO3− anions. Positive correlation of alpha diversity indices with pH
was also observed for microbial communities in Arctic soils, where the
lowest values were detected in acidic soils and the highest in
acidoneutral soils (Malard et al., 2019). Additionally, the concentration
of NO3− negatively affected richness indices Chao1 and Chao1-bc but
positively correlated with the abundance of the Aminicenantes phylum
and Alphaproteobacteria class. As previously mentioned, members of
these bacterial groups may be involved in the denitrification process,
which may account for lower nitrate concentration than in other sites
(Kadnikov et al., 2019; Vilar-Sanz et al., 2018). The product of denitrifi-
cation, ammonium ions, may be responsible for increases in pH values
(Achberger et al., 2017; Garcia-Lopez et al., 2019).
Mineralisation of outflowwater is a result of its contact with till and
bedrock underneath a glacier, as well as storage in the subglacial drain-
age system throughout winter (Stachnik et al., 2016a). Mineral compo-
sition of bedrock, proglacial sediments and suspended sediment in the
Werenskioldbreen basin were studied (Bukowska-Jania, 2007; Czerny
et al., 1992; Kabala and Zapart, 2012) and summarised (Stachnik et al.,
2016a), showing spatial differentiation. Briefly, amphibolite, quartzite
and chlorite schist are situated beneath the southern part of
Werenskioldbreen; phyllites with quartzite and silt intercalations, and
calcareous and chlorite schists are situated beneath the eastern part of
the glacier. The north-western part of the basin is composed of
greenschists, and muscovite–carbonate–quartz or carbonate–chlorite–
quartz schists. Moreover, in the proglacial area,mica–carbonate–quartz,
grey calcite marbles and pyrite accompanied by pyrrhotite, galena,
sphalerite, magnetite and haematite are the most common ore min-
erals. Carbonate minerals are present as siderite, ankerite or Fe-calcite
(Czerny et al., 1992). Suspended sediment consists of magnesium chlo-
rite, feldspars, muscovite, quartz, calcite, and dolomite (Bukowska-
Jania, 2007). Despite a low proportion of calcium carbonate in the bed-
rock, calcium carbonate concentration increase in the proglacial sedi-
ment partly due to precipitation of calcite from water in subglacial
tills. Additionally, during the accumulation season, minerals precipitate
due to freezing of highly concentrated solutionswithin naled ice. There-
fore, calcium carbonate content increases in glaciofluvial sediments
close to naledi (Bukowska-Jania, 2007). This fact may also explain
higher concentration of positively correlated Cl− an HCO3– ions in our
study in subglacial water compared to the result obtained during abla-
tion season (Stachnik et al., 2016a). Positive correlation of Br− and Cl−
ions was observed by others (Banks et al., 1998; Jambon et al., 1995)
and Br/Cl ratio in our study was similar like in arctic groundwater and
lower compared to sea-water indicating sediment origin (Banks et al.,
1998; Jambon et al., 1995). Additionally, positive correlation between
Br− concentration and some bacterial phyla was observed impacting
on unique site-specific microbial community structure (Cota andSturges, 1997). Moreover, there was an observed increase of ion con-
centration in subglacial outflows compared to the supraglacial stream
(Stachnik et al., 2016a). Similarly, the specific electric conductivity
value of our samples in the range of 180–546 μS/cm, was much higher
than those measured for the ablation water from snow and ice (Pälli
et al., 2003). Therefore, physicochemical differences in properties of
water transported through different channels from subglacial drainage
systemmay explained observed spatial diversity ofmicrobial communi-
ties. Moreover,mineralisation,which is dependent on the bedrock com-
position is also responsible for unique site-specific microbial
community structure. We speculate that during accumulation season,
microbial communities from subglacial water are specific for each gla-
cier and are a part of the whole glacier microbiome.
5. Conclusions
Naled ice bodies that form in the forefield of glaciers are sources of
subglacial water, which can be used to study glacier microbiomes dur-
ing the accumulation season. Structures of microbial communities
were diverse and site-specific. The main factor responsible for this dif-
ferentiation was water properties probably influenced by chemical
composition of local rock beneath the glacier. This study showed that
dominant classes of microorganisms that existed in subglacial water
from Werenskioldbreen in Svalbard were Beta-, Gamma- and
Epsilonproteobacteria. Nevertheless, further studies conducted over sev-
eral seasons are necessary to answer if the changes in structure of mi-
crobial communities from subglacial meltwater, part of glacier
microbiome, may be used to study glacier behaviour and changes in
the arctic environment.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.138025.
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